Some benefits of spot electricity markets integration include the optimization of renewable power, increasing transmission grid security and the decreasing need for internal generation reserves. The high penetration of wind power is known to have a clear influence on price convergence between electricity markets joined by market splitting. However, in multiple interconnected markets, cross-border flows can also play a role in the market splitting behaviour. Denmark, with a high penetration of wind power, is clearly the ideal case study. This paper aims to assess the influence of high penetration of wind power on the market splitting behaviour between West and East Denmark, taking into account cross-border electricity flows. This is modelled through logit and non-parametric models, estimating the probability of market splitting occurrence between both Danish bidding areas. Market splitting probability is found to be sensitive to wind power, nevertheless with distinct behaviour according to interconnection congestion configuration. The highest availability of wind power in West Denmark, which can reach a generation share of 1.5 times the demand, requires strong cross-border interconnections to allow the export of the excess generation. Policies governing a joint assessment of the requirements for additional interconnection and wind power expansion plans, should be developed.
Introduction
The fast expansion of renewable generation, resulting from the transition to a post carbon society, is creating one of the most demanding challenges to transmission grids and their operation [1e5] . In addition, the integration of the European electricity markets through HV (High Voltage) cross-border interconnections, is a substantial part of the European internal energy policy [6, 7] , aiming to offer numerous advantages under normal operating conditions, such as optimal power station daily production, increasing opportunities for operation with renewable energies, the promotion of competition and enhancement of supply security. However, cross-border interconnections are limited and congestions can arise in multiple operation conditions.
One of the best case studies, considering the high level deployment of wind power and with a long history of electricity market integration through market splitting, is Denmark. Its support to research and technological development of wind power, resulted in a strong player in the wind power turbine market, supplying about one third of the world demand for this technology [8, 9] .
Literature can be found regarding electricity market integration in different geographic areas. US regional electricity markets integration is studied in Refs. [10, 11] , using spot market electricity prices, the first through cointegration and a vector error correction model and the second through a vector auto-regression model. Electricity market integration in Australia is assessed in Refs. [12, 13] , through the use of MGARCH (Multivariate Generalized Autoregression Conditional Heteroskedasticity) models, to include time-varying conditional correlation spillovers across electricity markets and better describe price and price volatility interrelationships. Electricity market integration in Europe was assessed by a significant number of studies and these are unanimous in establishing that there is electricity market integration in the North European regional electricity market, the Nord Pool, which is composed currently by Norway, Sweden, Finland, Denmark, Lithuania, Estonia and Latvia. However, by using Markov switching fractional cointegration, Ref. [14] found that cointegration exists only when interconnections between bidding areas are not congested in a detailed analysis to the electricity price pairs West Denmark e Norway and East Denmark e Sweden. Furthermore, Ref. [15] used a PCA (Principal Component Analysis), unit root tests and a convergence test based on filtered pairwise price relations of wholesale electricity prices, demonstrating that convergence between both Danish bidding areas and between East Denmark and Sweden had been achieved. However, Ref. [16] through the use of cointegration and unit root analysis, found the Nordic electricity markets not to be integrated with Germany and the Netherlands. In an assessment of European spot electricity markets convergence, Ref. [17] used a fractional cointegration analysis and a MGARCH model, to report that Nord Pool is fractionally cointegrated with the remaining analysed electricity markets (Austria, Belgium, Czech Republic, France, Germany, Greece, Ireland, Italy, Poland, Portugal, Spain, Switzerland, the Netherlands and the UK), and that perfect integration had not been achieved. A summary table regarding the above studies can be found in Appendix B for easier reference.
Also, literature focussing the impact of high penetration of wind power can be found. Highlighted issues in Ref. [18] are: the importance of adequate interconnection and transmission capacities; the capacity incentives for dispatchable power plants; demand management, reduce electricity trading constraints and further research on energy storage technology. Moreover, Ref. [19] highlighted the risk of excessive production, the use of energy storage and exports through interconnections to address balancing issues, appropriate system security and ancillary services; and Ref. [20] stressed the importance of enough dispatchable backup capacity with fast response dynamics, system robustness and reserves to cover uncertainty and/or withstand eventual electrical faults, and adequate transmission grid capacities to transport eventual excess renewable generation; the importance of wind power forecasting, allowing for load management and system balancing, is highlighted in Ref. [21] . Furthermore, Refs.
[22e32] all reported some level of decrease on the electricity spot market prices due to the increase in the share of RES-E (renewable energy sources electricity) generation. This is explained due to the almost inexistent marginal costs, associated bidding into the spot electricity market and the resulting merit order of power plant dispatch, which displaces higher marginal cost fossil fuel power plants. The influence of the existing high wind power penetration on the behaviour of electricity price differences was studied for the four ERCOT zones of Texas by Ref. [33] , through the use of orderedlogit and log-linear regression models, establishing that high wind power loads in west Texas cause interconnection congestion and electricity price differences with the remaining zones. The RES-E influence on interconnection congestion was also analysed by Ref. [34] for Sicily and the rest of Italy electricity prices, through the use of a time-varying regime switching models and a dynamic probit ruling the transition between regimes, with distinct results as wind power is found to decrease interconnection congestion, which according to the author may be due to wind curtailment practices by the TSO (Transmission System Operator). Moreover, Italy was studied by Ref. [35] through the use of multinomial logit and three stage least square models, reporting that the probability of interconnection congestion increases with high wind power generation exiting a bidding area and decreases with high wind power generation in the destination bidding area. For Iberia, [36] through a non-parametric approach, found that increasing wind power generation, or furthermore, increasing low marginal cost generation has a clear influence on market splitting, increasing its probability.
Therefore, this research aims to assess the influence of high availability of wind power on the market splitting behaviour of the Danish bidding areas in the Nord Pool electricity spot market, taking into account cross-border electricity flows. The leading hypothesis considered in this study is that, in spite of the multiple existing interconnections and associated cross-border flows, wind power generation still influences market splitting in Denmark.
Following [36] , expanded to a new multi-interconnected electricity market, logit and non-parametric models are herein used to express the probability response for market splitting of day-ahead spot electricity prices as a function of wind power generation share, electricity demand interconnection cross-border flows and market splitting of adjacent bidding areas. Logit models contribute with preliminary indications on market splitting behaviour, in spite of the known specification limitations. These limitations are subsequently overcome with the use of non-parametric models as demonstrated in Ref. [36] .
The structure of the paper is the following: in Section 2 the Danish electricity market characterisation is presented, consisting of a survey of the EU legislative framework and Danish energy policy, an overview of the renewables deployment in Denmark and a brief explanation of the Danish electricity market as part of the Nordic electricity market. Data and model specification used in this study are presented in Section 3, followed by the presentation of the model results in Section 4 and the respective analysis and discussion in Section 5. Section 6 concludes with some recommendations and policy implications.
Danish electricity market characterisation

EU and the Danish energy policy
The absence of energy natural resources together with the oil crisis of the 1970's drove Denmark into a path of extensive efforts in R&D (Research and Development) of endogenous energy sources. Within the period until 1990, Denmark developed oil and natural gas production in the North Sea, decreasing its dependency on oil imports. Additionally, energy security of supply was achieved by replacing oil consumption by coal and natural gas, and on the demand side by implementing a challenging energy saving programme [37, 38] .
Bearing in mind that oil and gas resources are scarce and following the Kyoto accords to reduce CO 2 emissions, Danish energy policy turned into the development of renewable energy sources. Nonetheless, the formerly existing Danish energy policy was deemed to be insufficient to achieve the established target of 20% CO 2 emissions reduction by 2005 compared with 1988, which created the need for the so called "Green Energy Plan", instigating the official "Energy 21" adopted in 1996. This plan comprised of the following measures: switching from electric heating to central heating, improving insulation and low-temperature district heating, utilisation of natural gas in district heating, diffusing the use of biomass, deployment of wind turbines (3000 MW by 2015), further stakeholder training and energy conservation [39] . These measures intended to attain the main objective of CO 2 reduction by also setting the following sub-targets: 20% improvement of energy conservation compared with 1994 and 12%e14% share of electricity consumption generated from renewable sources. Additionally, the chief goal of achieving 50% CO 2 reduction by 2030 compared with 1998, would be accomplished by increasing energy conservation to 55% above 1994 levels and 35% share of electricity consumption generated from renewable sources [37] .
In 2005, the "Energy Strategy 2025" established the vision of total independence from fossil fuels. Targets were established to achieve a reduction of 15% for fossil fuel usage and keep a static overall energy consumption. Further specific targets were set for energy efficiency (1.25% annual growth), renewable energy (30% renewable energy share consumption by 2025) and more efficient new energy technologies (R&D support of new energy technologies). This strategy also depended on efficient markets and specifically on the electricity market where the expansion of transmission networks is fundamental for the supply reliability [40] 
Renewables deployment in Denmark
As referred in the above Section, Danish and EU policies for emissions reduction and energy security, together with the related aim to decrease the dependence from fossil fuels, led to the development of RES electricity generation. Given the limited hydropower potential, the Research and Development (R&D) was mainly focused on wind power and CHP (Combined Heat and Power) [42] . Almost inexistent in 1972, wind power share grew to 20% in 2008 [43] , with some municipalities in West Denmark (DK1) fully supplied by wind power [44] . The main source of renewable electricity generation in Denmark is nowadays wind power, with a share of 51.1% of the electricity demand in 2014 [45] .
Wind power R&D was enhanced through the establishment of a partnership between public and private institutions, aiming to keep Denmark as a major world player in wind power technology at competitive prices [40] . Additionally, wind power generation development in Denmark has been supported through strong financial support mechanisms, initially by price premiums paid to wind turbine owners and later after 1999 by feed-in tariffs. From 2004 onwards, subsidies were given as supplements to the electricity market price. These subsidies were later increased in 2008 and were limited to a maximum number of full-load operating hours, after which wind power is paid at electricity market prices [46] . A gradual reduction of subsidies to wind power is expected, due to its increasing technological competitiveness and the subsidy expiration of older units [47] . Additional details about wind power financing can be found in Refs. [44, 48] .
New concerns and challenges of high shares of RES-E are reported both in the technical sense and in the market design. On the technical sense: generation variability and uncertainty, adequate transmission capacity, flexibility and standby of dispatchable generation, electrical system regulation and frequency control, demand side response, RES-E curtailment, energy storage, adequate transmission grid and cross-border interconnections [26,49e51] ; and in the market design: electricity market integration, transmission grid and cross-border interconnections cost allocation, intraday and reserve power markets, RES-E financial support schemes and capacity support mechanisms [18,51e53] .
As seen in Fig. 1 , thermal power generation capacity share is decreasing since 2000, with a steeper fall in 2011, whilst wind power generating capacity share steadily increased during the same period. Therefore, thermal generation was gradually being replaced with wind generation. The absence of hydro and nuclear power generation in Denmark is noteworthy: the former due to the absence of geographic conditions, and the latter, by a parliament resolution not to build nuclear power plants in the country [54] . By the end of 2013, wind power generation capacity reached 4820 MW in Denmark, which is equivalent to a 34.9% share of installed capacity. Solar power generation capacity share slightly start to When analysing the extracted hourly data, wind power generation share of demand has been, surprisingly in more than a few hourly periods, above 1 in West Denmark (DK1). This means that not only wind generation was able to supply the complete electricity demand in West Denmark (DK1), but also that there was a surplus exported through the existing interconnections. This is not the case for East Denmark (DK2). However, wind power generation share is still quite high, frequently achieving values above 0.5 [45] (see Fig. 2 ).
Denmark in the Nordic electricity market
The Nordic electricity market, the Nord Pool, is composed by Norway, Sweden, Finland, Denmark, Estonia, Latvia and Lithuania. These countries are then sub-divided by bidding areas, taking into account transmission system capacities and constraints. The Nord Pool was established in 1996 with a joint Norwegian-Swedish power exchange, after the deregulation of the Norwegian electricity market in 1991. To complete the adhesion of the northern European countries, Finland joins Nord Pool in 1998 followed by Denmark in 2000. Consequently, Nord Pool is the oldest electricity market in Europe where a market splitting mechanism is implemented.
Elspot (Nord Pool's spot electricity market) calculates day-ahead prices for every hour and for each bidding area by establishing a balance between supply and demand bids. It also takes into account ATC (available transmission capacities) between the bidding areas. The congestion of interconnections between bidding areas creates the market splitting, with the electricity spot prices diverging. Bidding areas with lower prices export electricity to areas with higher prices through these limited capacity interconnections [56] . If the ATC is large enough to accommodate the exported electricity flows (no congestion), then the price is the same in both bidding areas. Therefore, this mechanism is supported on the calculation of the ATC, which is made by each TSO taking into account the safety and reliability of the electrical system. Depending on loop flows and technical constraints imposed by TSOs, import and export ATC can have different values [57] .
Denmark is divided into two bidding areas, interconnected through the HV electricity grid. Moreover, Denmark is also interconnected with Norway and Sweden in the north and Germany in the south. The interconnection capacity between the two Danish bidding areas is 600 MW through a HV Direct Current cable. The interconnection capacities and bidding areas are shown in Fig. 3 .
Interconnections capacity between the considered areas are higher than the current EU recommended level of 10% of the peak demand of the smaller interconnected market [59] . Denmark has already surpassed this value reaching 23.8% between West and East Denmark (DK1-DK2), 15.9% between West Denmark (DK1) and Sweden bidding area 3 (SE3), 64.5% between East Denmark (DK2) and Swedish bidding area 4 (SE4), 23.8% between East Denmark (DK2) and Germany and 38.3% between West Denmark (DK1) and Germany, all of the peak demand observed in the period considered in this study.
Data and methods
Following the methodology described in Ref. [36] , expanded to a new multi-interconnected electricity market, market splitting behaviour was modelled through logit and non-parametric models estimating the probabilities of its occurrence. In the estimated models the introduction of electricity flows and market splitting binary variables of surrounding interconnected bidding areas introduce an additional complexity in relation to the models used in Ref. [36] , where the interconnection between Spain and France was not considered. In the estimated models the probability response for market splitting of day-ahead spot electricity prices is expressed as a function of wind power generation shares, electricity demands, five interconnection electricity flow shares and five market splitting binary variables. These variables correspond to the two Danish bidding areas, the Swedish bidding areas 3 and 4, the Norwich bidding area 2 and Germany, which are all adjacent.
By imposing a parameter approach, logit models provide a general indication of the effects of each variable ("ceteris paribus"), which might change with others. Additionally, logit models present known specification restrictions, such as: The "Neglected Heterogeneity" specification issue, where the coefficient estimates may cause an underestimation of the effects e extraction of explanatory variables relative effects can still be of use [60, 61] ; Heteroskedasticity of the error term e A correction can be used according with [62, 63] .
Yet, logit models can provide some preliminary indications about the model behaviour. The non-parametric models, herein used, do not require parametric assumptions for the underlying data generation process, therefore the logit specification limitations are avoided. One of the main set-backs of non-parametric modelling is the required computer processing resources when using large datasets, as it is inhere the case where the model estimation took several days to run, even with parallel processing. Furthermore, the "Curse of Dimensionality", related with the number of continuous explanatory variables, might deteriorate the convergence rate of the kernel functions, nevertheless models remain consistent [64] . In our models the sample size overcomes this issue.
In the following Section 3.1 the data used in this study is presented, followed by the logit model specification in Section 3.2 and the non-parametric model specification in Section 3.3.
Data
Day-ahead spot electricity prices in V/MWh, interconnection flows in MWh, Demand in MWh and Wind Power Generation in MWh, for each hour from the 2nd of January 2012 until the 31st of December 2014, were extracted from the Nord Pool Spot ftp server [45] and from EPEX Spot web site [65] , for both Danish and adjacent bidding areas. This consists in a sample of 26,281 h.
The demand of the Danish electricity market has a peak of 6.5 GWh, which is comparably small with the demand in Norway, with a peak of 24.2 GWh, and the demand in Sweden, with a peak of 26.6 GWh. However, when these electricity markets are divided into bidding areas, the only bidding area that stands out is the Swedish bidding area 3 with a demand peak of 17.5 GWh [45] . Germany with its 77.2 GWh of peak demand is by large the biggest connected electricity market [66] . By using a rolling window procedure for the number of market splitting hours in a month, a trend is established and can be plotted. Therefore, a price convergence can be observed in the case of reducing number of market splitting hours in a rolling month. Between West and East Denmark (DK1-DK2), the number of market splitting hours in a moving month remains low, with an exception during a small period in the end of 2013 and 2014 (Fig. 4) . Furthermore, it seems that there is a higher integration level between both Danish bidding areas and between East Denmark (DK2) and Sweden bidding area 4. In this period, market splitting between both Danish biding areas occurred in 23.3% of the total 26,281 h considered in our sample. Likewise, market splitting occurred 60.4% between West Denmark (DK1) and Norway bidding area 2, 44.3% between West Denmark (DK1) and Sweden bidding area 3, 24.3% between East Denmark (DK2) and Sweden bidding area 4, 64.8% between West Denmark (DK1) and Germany and 69.5% between East Denmark (DK2) and Germany, of the total sample. Fig. 5 plots the spot electricity price differences between West Denmark (DK1) and East Denmark (DK2), showing that multiple market splitting hours occurred in the period herein considered. It is also observed that there are more data points below zero, which means that prices in East Denmark (DK2) are frequently higher than the ones in West Denmark (DK1).
In Fig. 6 the interconnection cross-border flows between Denmark and the Nord Pool adjacent areas are plotted. The interconnection transfer flows plot between both Danish bidding areas reveals that, most of the time the electricity flow direction is from West to East Denmark. This is consistent with the lower prices observed in West Denmark (Fig. 5) . The interconnection transfer flows between East Denmark and Sweden have a slight tendency to be predominantly in the direction from Sweden to East Denmark, indicating lower prices in Sweden bidding area 4. No significant asymmetries are observed in the remaining interconnection flow plots, which indicate that there is no evident preferred direction for the cross-border flows.
In Appendix A, Table 5 with the summary statistics is presented for the considered time series. All price time-series have nonnormal distributions, as determined by the rejection of the null for the Jarque-Bera normal distribution test.
Logit model estimation
Following the logit specification in Ref. [36] , the estimated market splitting probability model expresses the probability of occurring different prices, thus interconnection congestion, between both Danish bidding areas.
The model specification used is:
where LðXbÞ ¼ expðXbÞ 1þexpðXbÞ
: Split is the binary dependent variable, X a matrix of explanatory variables and e is the independently distributed error term independent from X and following the standard logistic distribution. The Split * latent variable is then expressed as follows: 
Non-parametric model estimation
As described in Ref. [36] the underlying data generation process is not required for non-parametric models, avoiding specification issues that can question parametric models [67] . Model estimation is performed through kernel methods with the information provided by the data. An introduction to non-parametric modelling can be found in Refs. [64, 68] . Therefore, by using the "npRmpi" package for non-parametric kernel estimation [68] developed in R [69] , the models inhere used overcome the logit specification issues. With the required information from the data, model estimation is done through kernel methods and the associated bandwidth [70] . Parallel processing was used due to the large datasets analysed in this study.
The market splitting probability is estimated by the conditional PDF (probability density function) expressing the probability of occurring different prices between both Danish bidding areas, conditional on the considered explanatory variables. The conditional PDF is then: 
and the marginal PDF by:
where Lð$Þ and Wð$Þ are product kernel functions for discrete and continuous variables, respectively. For discrete variables:
where lð$Þ is the discrete univariate kernel function proposed by Ref. [71] , r x;d the number of discrete explanatory variables, c s the number of outcomes in x s and l x;s the bandwidth, with l x;s ε ½0; ðc s À 1Þ=c s . For continuous variables: 
where wð$Þ is the continuous univariate Second-order Gaussian kernel function, r x;c the number of continuous explanatory variables and h x;s the bandwidth of variable s. Bandwidth selection is a fundamental part of non-parametric estimation, therefore two methods were attempted: the "rule of thumb" and "likelihood cross-validation".
The "rule of band of thumb" bandwidth is given by:
where s is the min s; interquartile range= ð 1:349Þ, n the number of observations, P the order of the kernel and l the number of continuous variables.
The "likelihood cross-validation" method selects the bandwidth (h) by maximizing the following log likelihood function:
Finally, the most adequate method was then selected according to model performance [72] .
By using the same explanatory variables as in the logit model, the non-parametric models were estimated with bandwidths calculated with both selection methods and considering the same data set.
Results
In the following Sections 4.1 and 4.2 results and performance are presented for both logit and non-parametric models.
Logit model results
All coefficients are statistically significant (p < 0.01) in the estimated model, with the exception of demand Norway area 2 and demand Sweden area 3, both significant at least to 10%, and the binary variables representing market splitting between West Denmark (DK1) e Sweden area 3 and East Denmark (DK2) e Sweden area 4 (Table 1) are not significant.
An attempt to correct the heteroskedasticity of the error term (Breusch-Pagan test in Table 2 ) was performed [36] , but with little or no improvement on model performance. For the estimated model an accuracy of 0.9107 and a McFadden pseudo R-square of 0.544 were found ( Table 2 ). The coeficients for the introduced correction variables in the skedastic function are significant (p < 0.01) with the exception of the cross-border flow share from West Denmark to Norway area 2 (significant to 10%) and the crossborder flow share from East Denmark to Germany (Table 1) . Moreover, notwithstanding the "Neglected Heterogeneity" specification issue of the logit models, extraction of the relative effects can be made [60, 61] .
Non-parametric model results
In Table 3 confusion matrices for both estimated models are presented and in Table 4 the results for the bandwidth calculation are shown. Non-parametric models are revealed to have improved performance, in addition to the absence of the specification issues of the logit models. An accuracy of 0.9965 is obtained with the bandwidth selected by likelihood cross-validation, the highest amongst all estimated models.
In Fig. 7 the observed and the fitted number of market splitting hours in a rolling month are shown in the sample period, for the measured data, for the heteroskedasticity corrected logit model and for the likelihood cross-validation non-parametric model. As demonstrated, the performance of the non-parametric model is clearly better than the one obtained by the logit model.
Discussion
For clarification purposes, when market splitting probability is referred to, it means the probability of market splitting occurrence between West and East Denmark (the Danish splitting: DK1-DK2). No other market splitting probability is estimated in this study. Considering the results of the logit models and their marginal effects (Table 1) , together with the 3D plots of the non-parametric models, it is possible to unveil the complex behaviour of the Danish electricity market splitting as observed in Figs. 8 and 9 . Given that the "likelihood cross-validation" non-parametric model has the highest performance amongst all estimated models, the following interpretations are based on this model. Fig. 8 shows (from top to bottom and left to right) the behaviour of market splitting probability response as a function of wind power generation in West and East Denmark: a) given market splitting occurrence between Denmark and all adjacent bidding areas (Denmark isolated); b) given market splitting occurrence between Denmark and all adjacent bidding areas with the exception of West Denmark (DK1) to Norway bidding area 2; c) given market splitting occurrence between Denmark and all adjacent bidding areas with the exception of West Denmark (DK1) to Sweden bidding area 3; d) given market splitting occurrence between Denmark and all adjacent bidding areas with the exception of East Denmark (DK2) to Sweden bidding area 4; e) given market splitting occurrence between Denmark and all adjacent bidding areas with the exception of West Denmark (DK1) to Germany; and f) given market splitting occurrence between Denmark and all adjacent bidding areas with the exception of East Denmark (DK2) to Germany. Fig. 9 shows (from top to bottom and left to right) the behaviour of market splitting probability response as a function of wind power generation in West and East Denmark: a) given no market splitting occurrence between Denmark and all adjacent bidding areas (absence of congestions, therefore it is expected a null probability of market splitting); b) given no market splitting occurrence between Denmark and all adjacent bidding areas with the exception of West Denmark (DK1) to Norway bidding area 2; c) given no market splitting occurrence between Denmark and all adjacent bidding areas with the exception of West Denmark (DK1) to Sweden bidding area 3; d) given no market splitting occurrence between Denmark and all adjacent bidding areas with the exception of East Denmark (DK2) to Sweden bidding area 4; e) given no market splitting occurrence between Denmark and all adjacent bidding areas with the exception of West Denmark (DK1) to Germany; and f) given no market splitting occurrence between Denmark and all adjacent bidding areas with the exception of East Denmark (DK2) to Germany.
The results obtained from the models express that, generally speaking, market splitting probability between both Danish bidding areas is sensitive to the wind power generation share in Denmark, nevertheless with distinct behaviour according to the congestion of interconnections with other bidding areas. The simplistic interpretation that can be done with the obtained logit marginal effects does not suffice. For example, the decreasing probability with increasing wind power in East Denmark can only be related with the situation when Denmark is isolated, with the exception of the interconnection West Denmark (DK1) e Sweden bidding area 3 ( Fig. 8 bottom left) , and the situation when Denmark is not isolated, with the exception of West Denmark (DK1) e Germany ( Fig. 9 center right) . The former can be associated with wind power from West Denmark (DK1) being able to be exported to Sweden and not to East Denmark (DK2), with the sudden drop of the West Danish electricity price (DK1) caused by the high wind power generation share originating a detour of the electricity flow into Sweden bidding area 3, and releasing some cross-border transmission capacity between West and East Denmark. The latter can be associated with increasing wind power in East Denmark (DK2) stopping incoming interconnection electricity flows from West Denmark (DK1), which can not flow into Germany. These findings expand on [33e36] and unveil a more complex behaviour of multiple interconnected electricity markets.
In the case that Denmark is isolated from the adjacent electricity markets (Fig. 8 top left) , market splitting probability between West and East Denmark (DK1-DK2) increases when there is an increase of wind power generation share in both West and East Denmark. The shown behaviour can be explained by the asymmetric availability of low marginal cost electricity generated by the extensive existing wind power capacity in West Denmark (DK1), which is exported to East Denmark (DK2) with associated congestion of the Danish interconnection. The non-existence of market splitting between West Denmark (DK1) and Norway bidding area 2 ( Fig. 8 center left) does not change significantly the market splitting response behaviour from the market configuration when Denmark is isolated (Fig. 8 top left) . This demonstrates that the interconnection between West Denmark (DK1) and Norway bidding area 2 plays a limited role in the influence that wind power has on the behaviour of the Danish market splitting, perhaps due to the unnecessary import of electricity by Norway, which already has low cost electricity generation mainly from hydropower. In the case that Denmark is not isolated from the adjacent electricity markets (Fig. 9 top left) , the market splitting probability between West and East Denmark is null and the wind power generation share does not influence it. This behaviour can be explained by the ability of having all surplus electricity exported through the available cross-border interconnections and also not requiring external electricity infeed. Moreover, assuming Denmark not isolated from adjacent bidding areas with the exception of only one of the interconnections with an adjacent bidding area, the probability response of the Danish splitting is also null. The available surplus of low cost electricity can always be exported through the available interconnections. As described above, with Denmark not isolated from adjacent bidding areas, with the exception of the interconnection West Denmark (DK1) e Germany ( Fig. 9 center  right) , the probability response for the Danish splitting is high, even with low wind power generation, decreasing drastically with high wind power generation share in East Denmark (DK2). Thus, increasing wind power in East Denmark (DK2) may render unnecessary incoming interconnection electricity flows from West Denmark (DK1), which can not flow into Germany.
Conclusions
Two of the benefits of spot electricity markets integration are the optimization of RES-E generation and security of supply. In this context, the impact of increasing wind power generation on electricity spot market splitting in a multi-interconnected region is herein studied.
Being Denmark one of the best case studies due to the high level deployment of wind power and belonging to the oldest European integrated electricity market, the behaviour of market splitting between West and East Danish bidding areas was modelled through logit and non-parametric models, estimating the probabilities of its occurrence. Fundamentally, it is shown that wind power generation has a significant influence on market splitting behaviour. This behaviour, however, differs according to the congestion configuration of interconnections with adjacent bidding areas.
Considering the existing level of market splitting and the modelled behaviour we conclude that for the existing wind power generation, and furthermore, if there are intentions to further expand it, the existing interconnection between West and East Denmark is adequate, as the EU recommendation of 10% of the peak demand of the smaller interconnected market [59] is clearly surpassed, reaching a value of 16% in the considered data. Moreover, the occurrence of market splitting between West Denmark (DK1) and Germany should be avoided given the high probability of the Danish market splitting found to low West Denmark's (DK1) share of wind power (Fig. 9 center right) . Therefore this cross-border interconnection should be reinforced in spite of the already 38,3% of the peak demand of the smaller interconnected market, which in this case is West Denmark's (DK1). Given that the cross-border interconnection between West Denmark (DK1) and Norway bidding area 2 does not have a meaningful impact on the probability response profile of the Danish market splitting, it is believed to have enough capacity and does not require reinforcing.
In order to decrease the market splitting probability level and the number of market splitting periods, resulting in increasing spot electricity price convergence and market integration, the requirements for interconnection capacity should be revised with the expansion of available wind power. Moreover, additional assessment should be made on the requirements for interconnection together with wind power expansion plans. Policies governing the coordination of both interconnection development and renewable incentives should be considered.
Further research should be focused in the analysis of other cross-border interconnections with Denmark, namely the new Fig. 9 . Predicted probability response of market splitting between West and East Denmark to wind power generation share.
interconnections with the Netherlands, given the Price Coupling of Regions initiative. The complex dynamics existing in this electricity market setup might justify some of the obtained results, and a deeper analysis with additional electricity generation data could clarify some of these behaviours. Nord Pool is found to be fractionally cointegrated with the remaining analysed electricity markets and that perfect integration had not been achieved.
Appendix B
